Quantum phase transitions occur at zero temperature, when the ground state of a Hamiltonian undergoes a qualitative change as a function of a control parameter. We consider a particularly interesting system with competing one-, two-and three-body interactions. Depending on the relative strength of these interactions, the ground state of the system can be a product state, or it can exhibit genuine tripartite entanglement. We experimentally simulate such a system in an NMR quantum simulator and observe the different ground states. By adiabatically changing the strength of one coupling constant, we push the system from one ground state to a qualitatively different ground state. We show that these ground states can be distinguished and the transitions between them observed by measuring correlations between the spins or the expectation values of suitable entanglement witnesses. [7] . A collection of reviews [6, 8] on the topic of QPTs reported the current status and recent developments in this field.
Quantum phase transitions occur at zero temperature, when the ground state of a Hamiltonian undergoes a qualitative change as a function of a control parameter. We consider a particularly interesting system with competing one-, two-and three-body interactions. Depending on the relative strength of these interactions, the ground state of the system can be a product state, or it can exhibit genuine tripartite entanglement. We experimentally simulate such a system in an NMR quantum simulator and observe the different ground states. By adiabatically changing the strength of one coupling constant, we push the system from one ground state to a qualitatively different ground state. We show that these ground states can be distinguished and the transitions between them observed by measuring correlations between the spins or the expectation values of suitable entanglement witnesses. Introduction.-At zero temperature, a system can undergo a quantum phase transition (QPT) to a new ground state as a result of a change in a parameter of the Hamiltonian [1] . Well-known examples are the superconductor-insulator transition and the paramagnetic-antiferromagnetic transition in quantum magnets. QPTs were experimentally observed in magnetic systems [2] , heavy-fermion metals [3] , common metals [4] and Bose-Einstein condensation [5] . The investigation of QPTs is useful for discovering novel materials [6] , and some QPTs show interesting entanglement characteristics [7] . A collection of reviews [6, 8] on the topic of QPTs reported the current status and recent developments in this field.
In most systems studied, attention was focused on two-body interactions, which are most readily accessible experimentally. On the other hand, systems with three-body interactions have been shown to exhibit exotic quantum phases in their ground states [9] , such as topological phases or spin liquids and a chiral phase. However, it is difficult to observe these properties in experiments. The main challenges are: (i) to identify experimentally accessible systems with three-body interactions; (ii) to experimentally control the variation of the system Hamiltonian in a sufficiently precise manner; (iii) to characterize the resulting ground state.
QPTs are generally associated with strongly correlated quantum systems, which cannot be efficiently simulated on classical computers because the required computational resources grow exponentially with the system size. As suggested by Feynman [10] and proved by Lloyd [11] , however, a quantum computer can efficiently perform this kind of simulations and provide new insight into strongly correlated quantum systems, including QPTs. Previous examples of such studies include the simulation of a three-body Hamiltonian [12] and quantum magnets in a two-spin Heisenberg chain using nuclear spins [13] as well as trapped ions [14] .
In this Letter, we experimentally simulate the smallest spin system involving a three-body interaction in an NMR quantum simulator. Such systems are the building blocks of triangular Ising nets [15] and triangular spin ladders [16] , which have been studied in detail in the context of quantum statistics [17] and condensed matter theory [9, 18] . In general, the competition between the different interactions results in QPTs. Here we prepare the system in the ground state of the Hamiltonian and drive it from one phase into a different phase by adiabatically changing the Hamiltonian. By quantifying different types of entanglement, or by using suitable entanglement witnesses [19] , we successfully detect the quantum transition induced by the three-body interactions. In the thermodynamic limit, this transition should correspond to a novel type of QPT [16] .
System.-Consider a chain of N spins 1/2 in a uniform magnetic field, interacting by Ising-type nearest-neighbor two-body and three-body couplings:
where the σ i z are the Pauli operators, ω z and ω x the strengths of the longitudinal and transverse magnetic fields, and J 2 , J 3 the two-body and three-body coupling constants. The competition between the three kinds of interactions (one-, two-and three-body) determines the ground state of the system. We first consider two limiting cases, corresponding to the two-and three-spin Ising models. In both cases, we discuss explicitly the situation for positive coupling constants ω z , ω x , J 2 , J 3 > 0.
(i ) Two-spin Ising model (J 3 = 0) [1] : (ia) in a longitudinal magnetic field (ω x =0). The level crossing at J 2 = ω z corresponds to a first-order phase transition of the ground state from a paramagnetic state |ψ .. in the weak-coupling case (J 2 < ω z ) to a two-fold degenerate, antiferromagnetically ordered ground state: |ψ AF g = {|.. ↑↓ .. , |.. ↓↑ .. } in the strong-coupling case (J 2 > ω z ). In the case of ferromagnetic coupling (J 2 < 0), no QPT occurs. (ib) Two-spin Ising model in a transverse magnetic field (i.e., ω z =0). This well-studied model exhibits a second-order QPT at J 2 = ω x in the thermodynamic limit [1] , where the ground state changes from the paramagnetic phase |ψ P g = |.. ←← .. to the antiferromagnetically ordered, doubly degenerate ground state |ψ
These two cases are exactly solvable and the induced phase transitions can be detected by the traditional two-point correlation functions [1] .
(ii ) Three-spin Ising model with J 2 = 0 in a transverse magnetic fields (i.e., ω z =0): This model is not exactly solvable, but numerical simulations predict a critical point at J 3 = ω x . The strong-coupling phase (J 3 > ω x ) is fourfold degenerate: |ψ
. }, while the non-degnerate ground state of the weakly-coupled phase is the paramagnetic state |ψ P g [20] .
In the following, we demonstrate these features in a proof-of-principle experiment using N = 3 spins and periodic boundary conditions σ Figure 1 shows the ground state of the system. The competition between the three kinds of interactions (one-, two-and three-body) results in different ground state phases (product-, W-, and GHZ-states). In regime I, the ground states are product states, in phase II, they are W-type states, and in regime III, they are GHZ-type states. The GHZ and W states are the only two inequivalent kinds of genuine tripartite entanglement in a 3-spin system [21] . As a result, such a simple model allows us to experimentally study the two inequivalent states of genuine tripartite entanglement and the novel phenomena induced by three-spin interactions.
Quantum simulation.-We chose the Diethylfluoromalonate molecule as a three-spin NMR quantum simulator, in which the 13 C, 1 H, and 19 F nuclear spins are represented by spins 1, 2, and 3, respectively. The molecular structure and the relevant parameters are shown in Fig. 2 (a) . The natural Hamiltonian of the system is
From this natural Hamiltonian, we generate the model Hamiltonian (1) with equal two-body coupling strengths by a suitable refocusing scheme [22] . The three-body interaction can be simulated by a combination of twobody interactions and RF pulses [12] . Since all terms in the Hamiltonian (1), except the transverse field term, commute with each other, we expand the overall evolution by the following concatenation:
and H z = H − H x . This expansion faithfully represents the targeted evolution provided the duration τ is kept sufficiently short. Fig. 2(b) shows the pulse sequence The oval marks the three spins used in the experiment. The table on the right summarizes the relevant NMR parameters measured at room temperature on a Bruker Avance II 500 MHz (11.7 Tesla) spectrometer, i.e., the Larmor frequencies ωi/2π (on the diagonal), the J-coupling constants Jij (below the diagonal), and the relaxation times T1 and T2 in the last two columns. (b) Pulse sequence for simulating the Hamiltonian of Eq. (1). The narrow black rectangles represent small-angle rotations, the narrow empty rectangles denote 90
• rotations and the wide ones denote the refocusing 180
• pulses. The delays are τi = J2τ /[1/(πJij) + 1/(πJ jk )] with (i, j, k) an even permutation of (1, 2, 3) and d1 = 2J3τ /(πJ12).
The offsets between the irradiation frequencies and the corresponding Larmor frequencies are F Q1 = 2ωzτ /(τ1 − τ2 + 3τ3), F Q2 = 2ωzτ /(τ1 + τ2 − τ3) and F Q3 = 2ωzτ /(τ1 + τ2 + τ3).
that realizes e −iHτ . In order to observe the system undergoing the transitions, it must always be close to the instantaneous ground state of the time-dependent Hamiltonian. This was achieved by quantum adiabatic evolution [23] , which requires: (i) the system starts in the ground state of H(0), (ii) H(t) changes sufficiently slowly to satisfy the adiabatic condition. For the experimental implementation, we discretized the time-dependent Hamiltonian
, where T is the total duration of the adiabatic passage and C is the control parameter in H(t). The adiabatic condition is satisfied when both T, M → ∞ and the duration of each step τ → 0.
To observe the different types of transitions in the Hamiltonian (1), we chose two different parameter sets:
Case A: Transition from a product state to a W-type entangled state: the control parameter is the two-body coupling strength J 2 , which varies from J 2 (0) = 0 to J 2 (T ) = 2. The other parameters of the Hamiltonian are constant, ω z = −2, ω x = 0.09 and J 3 = 0, as shown in Fig. 1 (a) .
Case B: Transition from a product state to a GHZtype entangled state: the control parameter is the three-body coupling strength J 3 , which varies from J 3 (0) = 0 to J 3 (T ) = 2, with ω z = J 2 = 0 and ω x = 0.12, as shown in Fig. 1 (b) .
We used a hyperbolic sine for the time dependence of the control parameters J 2 (t) and J 3 (t) in the experiments [13] .
To determine the optimal number M of steps in the adiabatic transfer, we used a numerical simulation of the minimum fidelity encountered during the scan as a function of the number of steps into which the evolution is divided (see Fig. 3 ). The fidelity is calculated as the overlap of the state with the ground state at the relevant position. Using the decoherence model of Vandersypen et al. [25] , we also simulated the effects of decoherence under the actual (piecewise constant) Hamiltonian generated by the pulse sequence of Fig. 2 (b) . The resulting fidelity of these points, which is represented by the boxes in Fig. 3 , is consistently lower than that of the ideal Hamiltonian and reaches a maximum for M ≈ 8. For the experiments, we therefore chose M = 8.
Detection of transition points.-The conventional approach to detect the system undergoing an entangling phase transition is to measure two-spin correlations like
The result of such a measurement is shown in Fig. 4 . The result clearly shows the expected transition for Case A: The two-spin correlation goes through a step-like increase at J 2 ≈ 1, consistent with the expectation that the ground state should change from a product state to a W state at this value of the couplings strength. However, in Case B, where the system should start in a product state and end up in a GHZ state, the measured two-spin correlations give no indication of this transition.
In order to obtain a clean signature of this novel transition, induced by three-body interactions, we employed entanglement witnesses [19] . These witness operators can always be used to detect various forms of multipartite entanglement, provided we have some a priori knowledge about the states under investigation. In our context, the two witness operators W W = 2 3 1 − |W 001 W 001 | and W GHZ = 3 4 1 − |GHZ − GHZ − | are useful for detecting multipartite entanglement. If their expectation value is negative, they indicate the presence of genuine tripartite entanglement; T r(ρ W GHZ ) < 0 specifically detects GHZtype entanglement. To perform these measurements, we applied a basis transformation to the density operator and destroyed the off-diagonal elements with pulsed magnetic field gradients to implement the projective measurement [27] . The populations were read out by applying, in three separate experiments, π/2 readout pulses to each qubit and measuring the resulting transverse magnetization.
We first initialized the system into the ground state of the initial Hamiltonians [26] and then varied the Hamiltonians adiabatically. To minimize nonadiabatic effects, the scan had to be relatively slow, lasting about 146 ms for Case A and 62 ms for Case B. Spin relaxation therefore reduced the signal for the later times compared to the initial part of the scan. To separate this effect from the effect of the transition and obtain a cleaner signature, we first determined the overall signal decay and rescaled the data to remove this effect. Fig. 5 summarizes the experimental results for both cases, using both entanglement witnesses. Both transitions are now clearly visible, and the tripartite entanglement is present in both final states. Together with the measurement of the two-spin correlations in Fig. 4 , we can also differentiate between the two types of transitions. In Case A, the increasing strength of the two-body interaction J 2 pushes the system from a product state to a W state, but in Case B, the increase in the three-body interaction strength J 3 generates a GHZ state. We also determined the details of the final state at the end of the scan, by performing complete quantum state tomography [28] . The experimentally generated state ρ exp had an overlap of F = | ψ id |ρ exp |ψ id | with the ideal state |ψ id of 0.61 for the W state and 0.73 for the GHZ state. The reduced fidelity mainly results from relaxation during the long adiabatic passage. As in the case of the witness measurements during the scan, we also removed the effect of spin relaxation from the measured final states by calculating the 'experimental fidelity' [29] Conclusion.-Using an NMR quantum simulator, we have performed an experimental quantum simulation of a system with competing one-, two-and three-body interactions. By adiabatically changing the Hamiltonian, we could observe the system undergoing two different entangling transitions. The generation of entanglement confirms that the transitions are of quantummechanical origin (analogous to quantum fluctuations in QPTs). In particular, with suitable entanglement witnesses as observables, we detected a novel transition induced by three-body interactions that is qualitatively different from the states that can be characterized by twospin correlations.
We consider our present experiment based on a universal simulator as a first experimental step that demonstrates how one can obtain a clear picture of phase transitions in ground states of many-body Hamiltonians, with the help of tools coming from the theory of entanglement. Systems consisting of more than three subsystems can display even more different phases in their ground states. We expect that entanglement witnesses will turn out to be useful for detecting ground-state phases in larger systems, together with other entanglement measures (e.g., the global entanglement [30] ).
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